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Preface 
 
As a student (23) of applied physics at the University of Twente, The Netherlands, I contacted Instituto de 
Engenharia Nuclear in early December 2005 to inquire about opportunities to work on a three-month project in 
the framework of my external traineeship, which is an obligatory part of my curriculum. Professor R.J. Jospin 
(Divisão de Reatores (DIRE)), responded most kindly to my request.  He proposed a four-month traineeship, the 
first month of which was supposed to be an introductory period, scheduled for March 7-April 7, 2006. This first 
month was intended to determine my interest and to find out what departments could offer a project and proper 
guidance during the remainder of time. His proposal included the formulation of a three-month project on 
graduate level at the end of this introductory period. This project was scheduled for April 7-July 7, 2006. We 
agreed upon this proposal in late December 2005. Soon after this, mister J.C. Suita, Director of the Intitute, 
approved of my application. 
 
In this document I descibe my activities at IEN during the introductory period mentioned above. I have tried to 
make a clear picture of the research performed at each of the departments I visited. 
 
The staff of IEN has been most friendly and helpful to me during my introduction to IEN. I would like to thank 
them for their assistance.  
 
Martijn Willem Hendrikx 
Rio de Janeiro, April 2006 
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Introduction 
 
This document summarizes the introductory period of Martijn Willem Hendrikx, student of Applied Physics at 
Twente University, The Netherlands, to various departments of IEN during the timespan March 7 till April 7, 
2006 as well as a four proposals for a three-month project to be completed by July 7, 2006 in the framework of 
his external traineeship. 
 
The first part of the document gives an impression of the research performed on twelve distinct fields in various 
departments of IEN. The second part of the document consists of the formulations of four projects in the field of 
nuclear reactor kinetics, core neutron flux calculation, cyclotron particle trajectory calculation, and gamma 
spectroscopy that were offered to the student. 
 
An appendix contains the schedule of the internship to the departments. 
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Visit to the Argonauta Reactor and Operation Services 
 
 
The Argonauta is a nuclear research reactor operated by Instituto Engenharia Nuclear (IEN) on Ilha do Fundão, 
Rio de Janeiro. It was built for training and research purposes. Its first criticality was reached in 1965. 
 
Argonauta was designed by the Argonne National Laboratory to operate at low power. Usually it operates at a 
level of 340W, but a maximum of 1kW can be reached during 1 hour of operation. The fuel load consists of flat 
plates containing 19.91% enriched Uranium, placed in the outer shell of a coaxial cylindrical system, as shown 
in Figure 1. The fuel is concentrated at that side of the shell from where the principal neutron beams originate. 
The remaining space contains graphite elements, that act as a reflector. 
 
Initially, the fuel load comprised six assemblies, each containing 17 plates (Figure 2) with 21grams of U-235. In 
the history of Argonauta, two core reconfigurations have taken place. A bilateral extension of the initial 
configuration with two additional assemblies formed the core presently in use. This core is shown in Figure 1. 
 
The fuel assemblies occupy only a small fraction of the volume of the core. Most of the space contains graphite 
elements that act as a reflector. Graphite has good reflecting properties, as it has a high scattering cross section 
and barely absorbs neutrons. Water, that fulfills both the role of moderator and coolant, flows vertically upwards 
through the fuel assemblies. Due to the low power level of Argonauta the temperature of the coolant stays at 
approximately 25 degrees centigrade. Heat removal is occurs as a result of natural convection. 
 
 
The flux distribution in the core is shown in Figure 3. Its maximum value occurs near the center, where there is 
only graphite. In the fuel a second, lower maximum is found.  
 
 The thermal neutron beams provided by the Argonauta have a thermal neutron flux of the order 10^9 n/scm^2. 
They are used for a variety of purposes, among which are sample irradiation, production of radioisotopes, and 
neutron tomography. The total number of beamlines is 20, 5 of which emerge vertically from the upper side of 
the reactor. The largest number of beamlines is found on the front side of the reactor, where 13 beams emerge 
horizontally. Presently only the most intense of these, known as J9, is in use. Figure 4 shows a photo of the front 
side of the reactor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The core, which consists primarily of graphite. 
The fuel assemblies are  placed in the outer shell of a 
coaxial cylindrical system. 
 Figure 2: A fuel assembly comprising 17 vertically aligned 
parallel plates with a length of 61 cm. 
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The normal operation schedule is 8 hours a day for 5 days a week. In 2003 and 2004, the reactor operated 88 and 
204 cycles, respectively. Due to the low flux level, poisoning of the core by fission products with high 
absorption cross sections (Sm, Xe) can not occur allowing a flexible schedule of operation. 
 
A startup of Argonauta takes 30 to 40 minutes. The procedure is completed in the following sequence. 
• A neutron source (A mixture of Americium and Beryllium with an activity of 5Ci) is introduced in the 
area inferior to the core, irradiating the fuel with neutrons; 
• The process of filling the reactor with water is started; 
• A test is performed to verify the condition of the safety blades. Only if the test is positive, the process of 
filling the reactor with water will continue; 
• The blades are withdrawn from the core 
• Criticality is reached. The neutron generation time is approximately 50 seconds. The beamlines are 
ready for use. 
 
Argonauta is an inherently safe reactor. This means that the laws of physics do not allow for a meltdown of the 
core, irrespective of human intervention or the influence of any safety system. This property consists in the fact 
that when passing certain temperature limit the neutron absorption rate by the superabundant U-238 in the fuel 
becomes a dominat factor in the reactor behaviour, resulting in a drop in neutron flux, reactor power, and 
temperature. This maintains the reactor at a safe level of operation. 
Apart from this inherent safety property, the reactor is equiped with a threefold safety system, that can be used 
whenever a shutdown of the reactor is desired. The principles of these systems are elaborated below. 
 
Safety blades and control blades 
Figure 5 shows schematically the arrangement of 6 neutron absorbing cadmium blades1 on the perimeter of the 
outer shell of the reactor. Introduction of any of them into the core results in absorbtion of neutrons that 
constitute the nuclear reactions in the fuel. This provides a negative contribution to the reactivity, the value of 
which depends on the degree of insertion into the reactor. 
There are two types of blades. Three Control Blades are used to tune the flux during operation, whereas an equal 
number of Safety Blades are used to shutdown the reactor. The unequally shaped control blades are used for 
gross, medium and fine adjustments of the reactor flux. The safety blades have larger dimensions and thus are 
the most effective absorbers. 
 
 
                                                          
1
 in the terminology of reactor physics, these plates are referred to as rods because of the cylindrical shape of 
these elements in most nuclear reactors. 
   
 
 
 
 
Figure 3: Thermal neutron flux distribution in the 
Argonauta reactor. Maxima are found both near the center 
and outside the core where most of the beamlines originate.  
Figure 4: Front view of the reactor. The dashed square area 
contains thirteen beamlines that originate from the reactor. 
The man points at the principal beamline known as J-9.  
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Water ejection system 
The water that flows through the fuel assemblies during operation of the reactor acts as a moderator. Removal of 
the water infuences the energy spectrum of the neutrons in such a way that the chain reaction is terminated. No 
pumps are needed to remove the water, as gravity supports the flow from the reactor to an inferiorly placed 
storage tank. This takes about one minute. 
 
 
 
Figure 5: The arrangement of the absorbing 
Cadmium plates used to control the reactor flux. 
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Nitrogen bubble generator 
Another way of preventing the neutrons from being thermalized is the generation of nitrogen bubbles in the 
coolant. The bubbles take the place of the water, which acts as the moderator. Consequently the neutronic energy 
spectrum becomes a fast spectrum, preventing fission of U-235 nuclei. 
 
 
Normally, a reactor cycle is concluded by removing the coolant and inserting all six Cadmium blades. The 
former action may surprise the engineer as this is a most unusual way to shut down a reactor. In most reactors, 
the coolant has the crucial role of removing heat from the fuel, which is necessary even after a shutdown. The 
power of the Argonauta reactor however, is sufficiently low to allow the removal of the coolant. 
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Visit  to the Thermohydraulics laboratory 
 
 
The thermohydraulics laboratory at IEN comprises two installations used to train personnel and to study 
thermodydraulic phenomena. These installations are: 
- A reduced scale model of a fuel assembly used in a Westinghouse AP600 reactor2 connected to a heat 
exchanger and an expansion column 
- A multi-purpose thermohydraulic loop which can easily accommodate an extension of piping and 
measurement devices fit for a specific problem under investigation. 
 
Scaled fuel assembly 
The purpose of this installation is to study the capacity of natural convection to cool the fuel assembly after an 
accidental shutdown of the reactor. This is important because severe damage of the fuel rods occurs if it passes a 
certain temperature limit (approx. 800 degrees centigrade), resulting in the contamination of the primary coolant 
with radioactive materials from the fuel. Natural convection is the phenomenon that removes the excess heat 
from the fuel that is still being generated after a shutdown due to continuing decay of radioactive fission 
products. Research should answer the question whether the reactor is capable of cooling itself inherently in case 
all other systems providing cooling fail. 
The installation consists of three main parts: (1) a scaled version of a fuel assembly in which coolant is heated by 
electrically powered heating rods, (2) a heat exchanger (HX), (3) an expansion column maintinging atmospheric 
pressure within the closed loop. No pumps are present in the installation as the aim is to study circulation of 
fluids by natural convection only. Measurements are performed during operation by 12 temperature sensors 
(thermo couples) and one flow meter (using electromagnetic methods to determine the flowrate). Data of these 
sensors are collected through a data acquisition system and a computer using LabView. 
 
The fuel assembly is a 1:10 scaled copy of those used in a Westinghouse AP600 reactor. In the AP600 design, 
the assemblies have a length of 6 metres and in the model their length is only 0.6 metres. The inner part of the 
assembly is filled with homogeneously spaced fuel rods. In the installation at IEN, 52 rods heat up the coolant 
flowing vertically upwards in the inner side of a coaxial tube system. The coolant is demineralised water, which 
enters the outer tube and flows downwards (into the lower plenum to the bottom), where it changes direction and 
continues to flow upwards in the inner tube. As it flows upwards along the rods in the inner part, it removes heat 
from them until it is abducted and fed to the HX. The rods could be individually powered, but usually a 
homogeneous power distribution is employed. 
 
Operation of the installation is initiated by powering the heating rods. Due to heat transfer to the coolant, natural 
convection begins, and the increment in tempeture throughout the loop is monitored by the thermocouples. The 
initial temperature is equal to the ambient temperature (at IEN usually between 20 and 30 degrees centigrade). 
After 6 to 7 hours of continuous heating, the coolant starts to boil. The pressure in the system is maintained at 
atmospheric level by an expansion column and a valve which opens in case of boiling, thus allowing the excess 
steam to escape to a reservoir.  
 
In a nuclear reactor, the initial temperature is much higher (around 300-320 degrees centigrade) and the pressure 
drops to to approximately 7Mpa after a small LOCA3. Although these differences are significant, the model 
under investigation is still similar to the much larger AP600 design. The behaviour of the scaled model provides 
information about the behaviour of the AP600. 
 
The measuments obtained by operating the installation are compared with a numerical model. Results are 
satisfactory, implying that the quality of the numerical model is high enough. 
 
 
 
 
 
                                                          
2
 AP600 is the most recent design of Westinghouse, that has been approved but not yet constructed. It is a 
600Mwe Advanced PWR. 
3
 Loss Of Coolant Accident 
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Multi-purpose loop 
The second installation at the IEN Thermohydraulics laboratory is a multi-purpose thermohydraulic loop used 
for both training personnel on the field of thermohydraulics and for studying flow phenomena. Piping and 
measument devices can be easily replaced and consequently this installation is very flexible. Presently, the loop 
is extended by a unit injecting bubbles into the pipe, thus lowering the waterlevel inside the pipe. This drop in 
the level of the water is monitored by ultrasonic sensors mounted downstream on the outside of the pipe. The 
aim is to improve the performance of the ultrasonic measument technique. 
 
   
 
 
 
 
Figure 1: a photo taken from the bottom part of the reduced 
scale model. The red wires emerging from the tube provide 
electrical power to the 52 rods inside. The smaller tubes on 
top are the heat exchanger expansion pipe, respectively. 
  
Figure. 2: Schemtic representation of the Installation 
shown in fig. 1, showing the scaled fuel Assembly (red), 
heat exchanger (blue) and pressurizer (green). 
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Visit to theGamma Spectroscopy laboratory 
 
Introduction 
The gamma spectroscopy laboratory of IEN is part of the Radiation Protection Service of the institute. The 
equipment in the laboratory is used for the identification of isotopes and the determination of the activity of 
radioactive samples. The activitity in the lab focuses mainly on samples originating from the institute itself, 
including water samples from the Argonauta reactor and contaminated materials. Presently, IEN does not 
provide any services on this field to external parties. 
 
Spectrometers 
The spectrometer is the most important equipment in the laboratory. A spectrometer is an optical instrument used 
to determine the properties of the radiation emitted by the sample under investigation. It provides the distribution 
of the amount of photons detected over the energy spectrum. As each radionucle has its caracteristic pattern of 
gamma-emission, the distribution from the spectrometer can be used to identity the radionuclides in the sample. 
Usually the output is vizualized by a computer, using special software. At IEN, the program GENIE is used. 
Figure 1 shows the energy distribution generated by GENIE. By loading a database with physical data on 
radionucles, the program can find out which nuclides belong to each peak. The program can even determine the 
activity of the sample. 
 
Outline of the measument system 
The actual measument is performed by some detector and the output appears on a computer, but there is 
definitely more in between. The detector generates an analog electrical signal, the  amplitude of which is 
proportional to the energy of the photon absorbed. This signal is fed to the electronic part of the setup. Fist, the 
signal is amplified, then it is digitized by an Analog/Digital Converter (ADC), after which it enters a multiplexer. 
This multiplexer allows multiple detectors to be used at the same time. The digital signal is then treated by a 
Multi Channel Analyzer (MCA), which assigns a certain channel to each pulse. This channel is a measure of the 
energy of the foton that created the pulse. Channels are just equally spaced energy intervals, in which the pulses 
are counted. So, the number of counts on each channel represents the number of photons detected in the energy 
interval which corresponds to the channel. Usually 2048 channels are used. Finally, the computer reads the status 
of the MCA via an interface, and plots the results. 
The quality of the measument improves with measument time. Measuments can take up to half a day. 
  
INSTITUTO DE ENGENHARIA NUCLEAR 
 
 
 
 
Figure 1: Energy distribution graph generated by GENIE 
 
 
Types of detectors 
What determines the quality of our measuments? There are many factors that are of importance when ansering 
this question, but a vital factor is the detector, which is responsible for generating an electrical pulse for each 
foton incident on it. Of course, a detector that ‘sees’ only half of the fotons incident on it shows a worse 
performance compared to one that sees them all. At the gamma spectroscopy laboratory, two different detectors 
are in use, which each have their own advantage: 
• a detector based on Natrium-Ionine (NaI) and a Photo-Multiplier Tube (PMT); 
• a detector based on High Purity Germanium (HPGe) crystal. 
The former has a higher efficiency, whereas the letter shows a higher resolution. This makes the NaI-based 
detector particularly useful for measuring samples containing only one nuclide or a small set of known nuclides, 
as we know in advance where the peaks will appear in the spectrum. This means that there is no need for an 
optimal distinguishment of neighbouring peaks to distinguish a peak from an unknown nuclide. Despite the 
resolution of the NaI-based system is low, the efficiency is high, allowing a very precise determination of the 
peak height (which is a measure for the activity). If a higher resolution is desired, it is better to use a HPGe-
crystal, as the distinction between neighbouring peaks is easier. 
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Calibration 
In order to guanantee the reliability of the measument equipment, weekly calibration is sceduled. Calibration 
means that a number of samples containing a known radionuclide and a known activity, are analyzed by the 
detector. This way, reference values are obtained that guarantee proper alalysis in the future. The samples are 
provided by Instituto de Radioproteção e Dosimetria (IRD) in Rio de Janeiro free of charge. They come together 
with a certificate, stating the activity of the samples at a certain date. Of course, the decay of the nuclides results 
in a drop of activity, which has to be taken into account when performing the calibration. 
 
The calibration consists of thee parts: 
1. Energy/Channel calibration  
The detector will generate an electrical pulse when a foton is absorbed. The height of this pulse 
increases with foton energy, but the relation is not linear. The purpose of this part of the 
calibration procedure is to find out the profile of this relation, so that the correct channel 
number can be assigned to each pulse. 
2. Shape determination  
One would expect a single peak at a single channel when the detector is irradiated with 
monochromatic light. Unfortunately, this is not the case. Due to interference, the output of the 
system is a peak with finite width, occupying multiple channels (rather than only one). In part 
of the calibration procedure, the peak width at various energy levels is determined. It turns out 
that the peaks broaden as energy increases. The information is tabulated for later use. The data 
makes it easier to reveal individual peaks from a more complex peak pattern in which multiple 
neighboring peaks are invloved, as the peakwidth of each energy level is known.  
3. Efficiency calibration 
The efficiency of foton detection depends on energy. To determine this dependence, samples 
of known composition and activity are measured. 
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Other problems 
Altough one can fight inaccuracies of the spectrometer by adequately calibrating the system, there are other 
factors that have to be taken into account. A few of them are: 
• Dead Time  
After the succesful detection of a photon, the system is insensitive to any radiation incident on the 
detector as it needs time to process the signal. The time during which the system is unable to respond is 
called the dead time. This results in a foton count which is too low. Formulas are employed to correct 
for the ‘missing fotons’. 
• Background radiation  
The aim is to study the gamma emission of a sample that we put into the spectrometer. Unfortuantely, 
we detect radiation origination from elsewere as well. This is called background radiation, and its 
spectrum is almost continuous4. A good measure to reduce the background radiation is to construct a 
proper shielding box. The lead shielding shown in Figure 2 stops most of the radiation from outside. 
Despite this effective shielding, there will still be background radiation that can not be eliminated. This 
problem is solved by measuring the background radiation without any samples in the spectrometer, and 
subtracting the peak pattern obtained from all pattern obtained in the future. 
• Summing effect  
Sometimes two fotons are absorped at the same time, thus generating an output signal with an 
amplitude which corresponds to the sum of the energies of the two fotons. This is called the summing 
effect. 
 
 
Figure 2: The electronics (left) and the measument chamber (right). 
 
Other applications 
An interesting application of gamma spectroscopy is Neutron Activation Analysis (NAA). This technique 
involves the irradiation of samples by an intense neutron beam (>10^11 n/cm^2s), which transforms nuclides to 
radioactive elements while maintaining the chemical properties of the sample. As each radionuclide has its 
caracteristic emission properties, a spectroscopic investigation of the sample reveals information on the elements 
                                                          
4
 A well known nuclide responsible for background radiation is Potassium-40, an isotope encountered virtually 
in all materials, which emits energetic gammas. This results in a peak in the energy spectrum. 
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present in the sample. This technique has many applications. For example, the analysis of hairs of a victim can 
determine whether this person has been poisoned, and the alalysis of fingernails can indicate if a person suffers 
from a specific disease, as some diseased lead to the acculumation of certain elements in the nails. 
The accuracy if NAA depends strongly on the neutron flux applied to the sample. Is it possible to use the 
neutrons from the Argonauta reactor at IEN. Its flux of about 10^9 n/cm^2s allows detection of micrograms, 
whereas research reactors with a higher neutron flux5 are capable of detecting even smaller concentrations. 
                                                          
5
 For example, the pool-type research reactor at IPEN in São Paulo (10^13 n/cm^2s) and the TRIGA-type reactor 
in Belo Horizonte (10^11 n/cm^2s). 
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Visit to Radioisotope Production Laboratories, Accelerators and Production Quality Control 
 
 
Cyclotrons are the most important facilities in this department of IEN. They generate radioisotopes for medical 
purposes. In a cyclotron, charged particles are accelerated by an electric field, generated by metal plates between 
which the particles move. The particle is attracted by the oppositely charged plate, and after passing this plate, 
the sign of the potential of the plate changes, thus repelling the particle from it and supporting continuous 
acceleration. This is also the principle of operation of a Linear Accelator, which is a linear configuration of 
plates capable of providing the particles with large energies6. In a cyclotron however, the configuration of the 
plates is not linear. The particles descibe a circular path in a cylindrical housing which accommodates only a 
small number of plates, as shown in Figure 1. This schematic shows a cyclotron with two plates, usually called 
dees because of their shape.  
 
 
Figure 1: The path described by the accelerated particle inside the cyclotron. The vertical arrows show the 
direction of the magnetic field, which is crucial for the bending the path of the particles. 
 
The purpose of accelerating charged particles is the production of radioistopes. A cyclotron can accelerate a wide 
variety of charged particles (e.g. alpha particals, electrons, protons, Helium-3 nuclei), but we will restrict our 
attention to protons to study an example. By bombarding atoms with high-velocity protons, the configuration of 
the nuclei can be modified. This is a nuclear reaction. In case the proton hits the nucleus and takes the place of a 
neutron, a so-called (p,n)-reaction occurs. This notation indicates that a proton (p) is used to initiate the reaction, 
and that a neutron (n) is emitted by the nucleus. If we investigate the change in composition of the atom, we find 
that its atomic number has increased by one whereas the mass remains unchanged: a new element of equal 
weight has been created. 
This process is used for the synthesis of a commonly used radioisotope Fluorine-18. For this process, we need 
water in which the oxygen is O-18 (this isotope has a higher mass than the naturally ocurring oxygen O-16). By 
bombardment of this liquid, the oxygen atoms undergo a (p,n) reaction and become Fluorine-18. This is a short-
lived nuclide that decays by positron-emission or electron capture. 
 
Obviously, the production is not limited only to Fluorine. Many different radioisotopes can be created in a 
cyclotron. 
 
What are these radioisotopes needed for? Among the myriad applications are many medical purposes. That is 
why they are often referred to as  radio-pharmaceuticals.  Many medical imaging techniques rely on the 
                                                          
6
 The world’s largest cyclotron is TRIUMF (Tri-University Meson Facility), located in Vancouver, Canada. It is 
capable of accellerating protons up to 500MeV. 
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radioactive nature of this type of pharmaceuticals. By scanning the body of the patient for gamma radiation, the 
location of the isotopes can be determined. As we know how some molecules accumulate in particular organs, 
we can study the condition of these organs by implementing the radiopharmaceutical into the molecule and 
injecting it into the patient’s blood stream. Iodine-123 for instance is known for its tendency to concentrate in the 
thyroid. 
In the example above we studied the production of Fluorine-18. This isotope can be implemented in a 
Fluorodeoxyglucose molecule (FDG), which is useful for making a PET scan (Positron Emission Tomography). 
The principle of this type of scan cosists in the emission of two photons with a definite energy of 511keV in 
opposite direction upon annihilation of a positron that was emitted by a FDG molecule. Upon each 
desintegration of FDG, to the scanner will detect two photons the origin of which is to be detemined by a 
computer. The result is the distribution of FDG in the body. Usually the brain of heart is investigated by a PET 
scan, beceause the FDG-distribution in these organs contains information of the glucose metabolism. 
 
  
 
 
 
Figure 1: PET scan technique. A photo of a PET scanner (left) and a schematic of the measument and data 
processing equiment (right). 
 
 
Two cyclotrons are currently under operation. One was installed in the 70’s for research purposes. This 
installation, provided by the American The Cyclotron Company (TCC), has been partially rebuilt without any 
modifications to the original design. This cyclotron more and more serves the purpose of producing 
radiopharmaceuticals, at the cost of research projects. Only one of the seven beamlines is currently in use for 
research. The second cyclotron at IEN has been taken into operation in 2000 and is used only for the creation of 
radioisotopes. 
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Visit to Applied Artificial Intelligence laboratory 
 
 
Artificial Intelligence (AI) deals with systems that perform tasks that are presently done better by humans. A 
computer is most efficient in performing numerical calculations, but will show a significant lack of performance 
on the fields of pattern recognition and the perception of similarities. For example, a computer will have some 
difficulty in finding the logic behind the data presented below in Table 1, whereas anyone can see that Z=X+Y by 
using common sense. Analogously, the recognition of shapes such as triangles and squares (Figure 1) is easily 
done by humans, but for a computer is very difficult to classify shapes. 
 
 
 
Figure 1 
 
 
 
 
Table 1 
 
Research is done to improve the performance of computers on this field. Improvements are achieved by 
emulating the intelligence and thereby providing the computer the ability of learning. The process of learning 
involves a finite set of information that is to be presented to the computer. There is a strong correlation between 
the process of learning and the quality and amount of information provided. 
 
The main techniques on the field of AI are: 
- Expert Systems; 
- Artificial Neural Networks; 
- Evolutionary Computation; 
- Fuzzy Logic; 
- Hybrid Systems. 
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Computational Fluid Dynamics applied to reactor designs 
 
 
The field of Computational Fluid Dynamics (CFD) deals with the determination of flow patterns by numerical 
methods. In analyzing matter, three levels can be distinguished: a basic level, in which the interaction of a single 
molecule with its surroundings is studied, a continuum mechanics level, in which the bhaviour of many particles 
are studied, and an engineering level, which is similar to the continuum mechanics level but differs in the sense 
that this level applies to very specific configurations only. The engineering used to be a very popular level to 
work with, but its applications are limited. 
 
The attention has shifted to the continuum mechanics level, in which CFD is important. CFD allows many 
thermohydraulic properties (such as pressures, temperatues, flow rates, etc.) to be numerically determined 
without the need to construct a model. Computer power is an important issue as CFD involves many 
calculations. In the past decade computer power has advanced dramatically and the possibilites of CFD have 
grown correspondingly.This can easily been seen in the design of airplanes. Traditionally, designs used to 
change gradually. Designers always started from a working design and introduced small modifications to it, 
keeping in mind that a significant change could make the airplane unsafe. The only way to verify the design was 
to build the plane. Nowadays all properties of a plane can be tested beforehand by CFD, allowing a cheap and 
fast way of optimizing the design. In the past the modifications to the designs used to evolutive, but nowadays 
they are innovative. 
 
An instructive example of the power of CFD is the analysis of in-surge flow in the pressurizer of the primary 
circuit of a nuclear power plant. The pressurizer is connected to the primary circuit with a pipe. During operation 
of the plant fluid may flow from the pressurizer into the primary circuit through this pipe. In the 70’s, when most 
powerplants were taken into operation, the flow pattern of this event was not known. Later, CFD proved that the 
flow from the pressurizer into the pirmary circuit happens in an unexpected manner. The fluid from the 
pressurizer, which has a relatively high temperature, does not mix with the colder fluid in the pipe. This 
generates a temperature difference between two sides of the pipe, which was not taken into account when the 
plant was designed. It is quite important, however, as this temperature difference induces stresses to the pipe 
which may be harmful in the long-term. 
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Reactor Kinetics 
 
 
The field of Reactor Kinetics deals with both steady state and transient analysis of fluid flow and neutron flux in 
a nuclear reactor. At DIRE, the focus is on accident analysis in a PWR by studying the flux and temperature 
effects in the reactor. Both nuclear physics and thermohydraulics is involved in this study, as heat is generated 
by fission and abducted by the coolant. With the results of research on this field, the response of a reactor to 
events occuring accidentally can be predicted. The rise of temperature with time is of particular interest as severe 
damage to the fuel can occur when the temperature becomes too high. 
Less serious situations derserve attention too. An interesting example of such research is the PhD-project of Dr. 
R.S. dos Santos, which covers the temperature effects after an unintentional drop of a control rod into the reactor 
core. This changes the flux profile in the reactor in an unfavourable way because the neutrons absorped in the 
control rod can not contribute anymore to the generation of fission energy. Moreover, the negative reactivity that 
that can be introduced in the reactor by inserting the control rod is not available for future usage as it has already 
been dropped in the reactor. 
 
The neutron flux distribution is an import issue in studying the behaviour of the nuclear reactor, as it determines 
the power distribution in the core. The flux distribution can be very complex to determine, as it depends on the 
core configuration and the composition of the individual fuel assemblies, which count up to approximately 150 
in a PWR. Fortunately, for our purpose we can sefely adopt a universal flux profile, which is common for PWRs 
during operation. The profile may change in overall intensity as the power of the reactor increases, but its shape 
remains the same. 
 
The flux distribution is found by studying how neutrons are created, absorped, scattered and moderated. The 
Neutron Transport Equation is a differential equation that takes these phenomena into account and predicts the 
evolution of the amount of neutrons with time. As this equation is too difficult to handle, an approximation to the 
neutron transport equation is used, called the Diffusion Equation. Mainly numerical methods are used to obtain 
the results. 
 
The thermohydraulic part of the analysis involves coolant flow and heat diffusion in the reactor core. A fuel 
assembly is composed of a number of fuel rods (typically a 16x16 matrix). Because the spacing of these fuel 
rods is de same thoughout the entire reactor, the structure shows interesting symmetry properties that we can use 
to develop a method based on cell-analysis. This means that the investigation of the thermauhydraulic properties 
of a single cell, consisting a rectangular area consisting of a fuel rod and surrounding coolant,  is sufficient to 
know the behaviour of the entire reactor. 
Heat balance equations are the basis for the thermohydraulic analysis. As with the neutron flux analysis, 
numerical methods play a great role here. The heat balance equations interrelate heat flow processes inside a 
cell: the creation of heat due to fission, the heat flow inside a fuel rod, and the transfer to the coolant. The main 
objective is to determine the temperature distribution in a cell and in the entire reactor core. 
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 System Simulation of a Nuclear Power Plant 
 
The modern simulator for nuclear power plants at DICH was taken into operation in 2003. The system was 
bought by IEN from the South-Korean KAERI research institute and simulates the Kori 3&4 units7 in South-
Korea. As this design is similar to the design of the Brazilian ANGRA I NPP, the system is most useful to train 
operators.  
 
Figure 1 shows the interior of the control room, which is manned by 3 operators during a simulation. The big 
screen shows the status of the power plant. In front of the screen are the desks of the Turbine operator (right) 
and the Reactor operator (left). Just behind them is a third operator, the Supervisor, who is in charge. In a 
separated room in the back is an instructor, who has control over the computer system and can determine what 
situations the operators have to deal with. He can introduce malfunctions anywhere in the power plant, varying 
from reduced performance of a turbine to a serious Loss Of Coolant Accident (LOCA). Cameras are mounted 
onto the wall to record the behaviour of the operators. 
 
Training sessions can take up to 8 hours. This might seem a long time, but events in a real power plant also occur 
on a long time scale. For example, it takes a whole day to raise the pressure in the primary circuit from 
atmospheric level to 150 bars, after which the reactor can be started. A start-up does not happen instantaneously 
either. It takes approximately 6 to 7 hours to rise the power from zero to maximum. 
 
It is not easy to become a qualified operator. Turbine operators need three years of training, whereas reactor 
operators may need up to five years. 
 
During a training session the operators are continuously interacting with the computer system. It provides them 
with relevant data regarding the status of the plant, such as the position of valves, temperatures, flow rates and 
pressures in the reactor, primary coolant loop and secondary loop, the performance of the turbines and the 
electrical grid. The structure of the plant is vizualized as a compact schematic showing how the large parts are 
interconnected with each other (Figure 2). The variables are shown in this schematic. This view allows the status 
to be shown on a single screen. The operators can switch to other screens containing more specific information 
on a certain part of the plant, for example on the turbine performance only. 
 
The application of artificial intelligence (AI) on this field has a promising potential. Neural networks are capable 
of monitoring the behaviour of the plant and identifying both nature and cause of a malfunction. Statistical data 
may prove that these techniques are adequate tools for problem identification, but it may take some time before 
the regulatory agencies rely on these systems rather than on human operators. 
                                                          
7
 Kori 3 and 4 units are both 895MW PWR type reactors 
   
 
 
 
Figure 1: Control room  Figure 2: One of the many status displays 
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Visit to the Ultrasound Laboratory 
 
 
At the ultrasound laboratory, techniques are developped for stress-analysis on steel tubes. The group strongly 
focusses on applications for the pterochemical industry and cooperates with the Brazilian company Petrobras. 
The tubes under investigation, having a diameter of approximately 1 meter, are often burried in the ground on a 
plant site and consequently are subject to stresses caused by movements of the soil. As a rupture is harmful 
environmentally as well as financially, the company is most interested in the condition of the tubes. Currently a 
portable installation is under devellopment at the ultrasound laboratory, that can easily be used for on-site 
measuments. 
 
The technique is based on the determination of birefringence the metal posseses. Birefringence is the 
dependency of the velocity of sound on the direction of oscillation of particles that constitute the propagation of 
the transversal wave. We often refer to this direction as the polarization. This phenomenon is studied by 
introducing an ultrasound wave (>20kHz) into a metal slab and recording the echos that are returned to the point 
of emission. These echos are generated upon reflection of the wave at the interface of the slab and the 
surrounding air (i.e., at the other end of the slab). The time between emission and arrival of the echo is called the 
Time Of Flight (TOF). It turns out that the TOF changes with the direction of polarization, caused by 
birefringence. The velocity of the waves depends on the polarization. Apparently the conduction of sound waves 
is more efficient in one direction than in the other, and consequently the metal slab is an anisotropic medium 
(i.e., a medium with properties that depend on the orientation). 
 
The birefringence is an interesting property to study as it changes with the amount of stress that the metal has 
been exposed to. There appears to be a linear depenence. Figure 1 shows some results obtained emperically. If 
one knows the exact relationship, one can easily determine the stress in the pipe by determining the 
birefringence, and subsequently describe the condition of the pipe quantitatively. 
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Figure 1: The dependence of birefringence on stress is linear. 
 
During the devellopment of a reliable and universally applicable technique, many difficulties were encountered 
that still have to be solved. One problem is the emission of the ultrasound waves by a so-called transducer. The 
waves can only couple to the metal slab if the contact is of appreciable quality. The contact can be improved by 
gluing the transducer to the slab, but the results obtained from the measuments will still vary with the amount of 
pressure exerted by the technician who attached the transducer to the slab. Moreover, adequate positioning of the 
transducer is required as the effects of a rotation of exactely 90 degrees are to be studied. Variations may spoil 
the result. Currently the transducers are positioned by hand, but an alignment system with lasers would be 
particularly effective. 
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Another difficulty to deal with is not of technical nature, but consists in the wide variety of pipes that are used in 
the petrochemical industry. Every pipe is produced by a different technique, and this strongly influences the 
dependency of stress on the birefringence caracteristics discussed above. Some pipes are produced from a metal 
slab which is bent to a circular profile and finally welded at the place where the two plate ends meet. Such a 
weld significantly changes the profile thoughout the perimeter of the pipe, as depicted by Figure 2.  
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Figure 2: Dependency of birefringence on the location on the perimeter of a welded pipe. The units on the 
horizontal axis are similar to the divion of a clock. The weld corresponds to locations 12h+ and 12-. 
 
 
 
If one wants to determine the condition of a particular pipe in a factory, the effects from Figure 2 must be taken 
into account, since one part of the birefringence encountered is due to the external stresses in which we are 
interested and another part is due to stresses intrinsically present as a result of the fabrication process of the pipe. 
At IEN, many types of pipes are currently being investigated to obtain numerical data and profiles, such as 
shown in Figures 1 and 2. Only then the technique can be succesfully applied to the many pipes in a 
petrochemical plant. 
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Visit to the Membrane Laboratory 
 
The staff of the membrane laboratory comprises approximately 16 people, most of them chemists. Membranes 
are produced and developped for external parties, one of which is the Brazilian petrochemical company 
Petrobras. Petrobras could import high quality membranes from foreign companies (e.g. from the US), but these 
so-called commercial membranes are very expensive. By ordering domestically produced membranes of 
comparable quality, Brazilian companies can save a lot of money.  
 
IEN is one of the suppliers of these membranes. They have an excellent capability for filtering undesired 
particles in a fluid and are therefore referred to as nanofilters. These filers are based on rejection rather than on 
the absorption of particles. The particles that can not pass the filter are ions or molecules of high molecular 
weight. The membranes currently under devellopment reject chlorine and sulfate ions. Investments in filtering 
equipment are worth the cost as it prevents fouling in the piping of chemical plants. 
 
At the membrane laboratory, membranes are produced and their filtering capability is thoroughly analyzed. The 
size if the ‘holes’ in the membranes is typically of the order of nanometers. By using different concentrations of 
chemical during the process of creation of the membranes, the staff tries to optimize the membranes. 
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Visit to the nuclear techniques laboratory 
 
 
At the nuclear techniques laboratory, flow and sedimentation patterns are studied in a modelled water treatment 
system. This is very interesting as it is not exactely known how these patterns are in systems currently in 
operation. Water treatment is an important issue, especially in densily populated areas such as Sao Paulo and Rio 
de Janeiro. 
The model contains piping, tanks and measument equipment, attached to a solid metal grid measuring 
approxiamtely 6 meters high and 10 meters long. The aim is to determine the efficiency of the water treatment, 
which is due mainly to sedimentation and biological decay. Water from the sewer is fed to the system. It consists 
of both fluids and solids. To protect the sensitive biological part of the system from any poisons introduced in 
the system, the water is first acculumated in a large tank were malignant materials can dissolve. Only then it can 
reach the biological area. Damage to the biological area can take the water treatment system out of operation, 
which is a very undesirable situation – therefore is it important to know if the dissolution process is going well. 
Due to the presence of large amount of solids among the water from the sewer, sedimentation may result in an 
obstruction, which excludes part of the volume in the tank from the diffusion and circulatoin processes. A study 
of the model could give an answer to these questions. 
 
The performance of the system is investigated by introducing radioactively labelled solids and liquids to the 
system, the concentration of which is measured at many points. By looking at the evolution of the concentration 
of these labelled materials with time, a quantitative picture of the spread thoughout the system is obtained. This 
way, one can decide whether the degree of dillution is good enough, and how fast sedimentation and biological 
decay occur. The interpretation of the data involves a lot of statistics and mathematics. 
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 Visit to nuclear techniques laboratory for amino acid investigation 
 
 
Since 2001, the Argonauta reactor is used for quality control of amino acids.  
 
Amino acids are the basic structural building units of proteins in living beings. Their molecular structure is 
shown in Figure 1. The Amino- and Carboxyl groups are common to all amino acids, whereas the side chain 
(indicated by ‘R’ in Figure 1) characterizes the specific acid. A large number of different amino acids is known, 
for example Serine, Femilalamine, and Tiamine (that were measured recently). 
 
Nutri-ente, a company on Ilha do Fundão, Rio de Janeiro processing amino acids for application in hosptitals, 
wants to verify the purity of amino acids it buys from several manufacturers. The acids are used to prepare a 
physiological solution that is orally or intravenously administered to patients. IEN develops methods to measure 
the degree of purity by using thermal neutron beams. 
 
To understand how neutrons can be useful for quality control of materials, one must know how they interact with 
the aminoacids. A material that is irradiated with a neutron beam will cause beam-attenuation, the degree of 
which depends on the density, thickness and composition of the material as well as on the neutron energy. This 
phenomenon, shown schematically in Figure 2, allows cross section determination through intensity 
measuments, according to following formula: 
 
 
in which: 
x The thickness of the material (indicated in Figure 2 by symbol ‘d’) 
N_0 Avogadro’s number 
Rho density of the material 
A Molecular or atomic mass 
I_0, I intensity of neutron beam before and after penetrating the sample 
 
The cross section (sigma) of an amino acid depends heavily on the side chain. In previous studies, information 
has been obtained on the contribution of certain molecular parts to sigma. For instance, the cross section of the 
part of the acid to which the side chain is attached was determined, and its value is 130 barns, and the cross 
section of all possible side chains are also calculated. A scientist performing a cross-section measument on a 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Molecular structure of an amino acid.  Figure 2: Attenuation of a neutron beam. 
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pure sample of some amino acid will have a good idea about the outcome beforehand, because he can use these 
as reference values. If  there is a deviation from the expected value when measuring a sample from the factory, 
the chemical formula of the material is wrong and the the impurity has been located. 
 
At IEN, the thermal neutron beam of Argonauta from the principal beamline J-9 is utilized for the cross-section 
measurement. The main components in the experimental setup are a calcite crystal used to obtain a 
monochromatic beam by diffraction, a multiple sample holder that can move any desired sample into the 
monochromatized beam by rotation, and a neutron detector with BF3 gas to measure the intentsity of the beam. 
The thermal neutron beam from the reactor has a Maxwellian energy spectrum before it hits the calcite crystal. 
This beam needs manipulation, as only monochromatic beams are useful in the experiment. The calcite crystal is 
used for this purpose. The periodic atomic structure in the crystal lattice causes the neutrons to diffract according 
to Bragg’s law, which states that the angle of diffraction is related to the de Broglie wavelength8 of the particle 
through the formula  
 
  
(for v << c^2) 
 
where theta is the angle of diffraction, lambda the de Broglie wavelength, h is Plack’s constant, m is the neutron 
mass, v is the speed of the neutrons and c is the speed of light. The diffraction changes the energy of the beam 
into a spatial variation, leading to a manifold of monochromatic beams each radiating in a different direction. 
 
The method elaborated above can be used as well for quality control of metals, plastics, polymers and carbon 
compounds. At IEN, various metal samples have been investigated (for instance Gadolineum, Aluminium and 
Cadmium). This procedure is  a service to universities, the Brazilian army and industries such as Petrobras. The 
cross sections of these metals are well known (a popular source of information is BNL325) and purity 
determination is as easy as comparing the measured cross section to the reference value. 
                                                          
8
 According to the de Broglie hypothesis, all particles have a wave-like nature. The wavelength of thermal 
neutrons is of the order of the intermolecular distances in crystal lattices, which allows them to be diffracted. 
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Visit to the tomography and neutron radiography laboratories 
 
 
Radiography is the creation of images by using radiation. At IEN, the thermal neutron radiation from the 
Argonauta reactor is used for two distinct radiographic imaging techniques: neutron radiography and neutron 
tomography. The applications of these techinues are elaborated below, but first the differences between them are 
discussed. 
The former technique involves the exposure of a film sensitive to electrons emitted by a Gadolineum plate 
positioned behind the sample under investigation. The neutron beam is attenuated by the sample and generates 
free electrons in the plate through internal conversion. The pattern of electron emission on the surface of the 
plate is similar to the attenuation pattern induced by the sample. The development of the film yields the 
information contained in the sample. 
 
Neutron tomography is a more complicated imaging technique. Instead of producing a single image (as is the 
case for neutron radiography), the system generates multiple images allowing us to look at cross sections of the 
sample. Figure 1 shows schematically the setup of a simple tomographic system. In stead of a sensitive film, a 
detector is used, which passes the information to a computer. While the object under investigation is held at a 
fixed position, the neutron source and the detector both move along a straight line (in Figure 1 in the plane of the 
disc) in such a way that the entire sample is irradiated. At each position on the line, the transmission is measured. 
Figure 3 shows the transmission pattern thus obtained. Obviously this pattern is determined by the absorption of 
neutrons in the sample. The sample may possess an inhomogeneous composition as is the case in Figure 1, 
where each region has a different absorption cross section. From a single scan (such as Figure 3) it is not 
possible to locate the distribution of  these inhomogenities in the sample. However, by performing a series of 
scans under different angles and processing the information, the distribution can be revealed. This is done by 
dividing the sample into a large number of equally sized cubes, and calculating the cross section of each of them. 
If the beam traverses a number of M cubes along the path from the source to the detector, the beam is attenuated 
by a factor 
 
 
 
where: x  is the thickness of an element, and 
c is its corresponding attenuation coefficient. 
 
The values in the graphs in Figure 3 actually are these attenuation coefficients.  
   
 
 
 
Figure 1: Setup of a tomographic system  Figure 2: Tomograpic images generated with first generation 
technique (left) and fifth generation (right). 
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By rotating the sample and performing the previously described linear scan multiple times, a large number of 
these graphs is collected. The rotation of the sample is typically 1 or 2 degrees. The information is processed by 
a microcomputer, which can transform the enormous amount of data to a cross-sectional image. As many 
computational work is involved in the reconstruction of the image, this technique is referred to as Computational 
Tomography (CT). 
 
The first tomograph dates back to 1973. The technique worked, but the images were rather poor, as shown in the 
left part of Figure 2. The first technique employed, referred to as Generation 1, was based on the rotation of the 
sample and the translation of the source. Since this time tomography has develloped and the resolution of the 
images has improved significantly. The right part of Figure 2 shows a Generation 5 image, generated by rotating 
multiple detectors around a fixed source. 
 
The samples can be anything from plants and nuts to engine blades and explosives. Often IEN offers the service 
of generating images for external parties. A good example is the investigation of a tube composed of an 
explosive surrounded by lead, which is used in emergency ejection systems in military aircraft. Before the 
explosive is assembled, the tube must be checked thouroughly for any irregularities as they can alter the 
direction of the ejected object in a most unfavourable way. 
 
Neutron tomography produces information complementary to that obtained by x-ray tomography. Unlike 
photons, neutrons do not interact with the electron cloud of the atoms in the material under investigation. The 
degree of interaction of photons depends heavily on the atomic number, whereas neutrons are attenuated only by 
specific elements. Figure 4 clearly shows this behaviour. Materials containing hydrogen (such as organic tissue) 
strongly absorb neutrons, whereas aluminium and lead are almost transparent to them. X-ray tomography would 
not be useful to investigate the explosive embedded in lead from the example above, as x-rays can hardly 
penetrate lead. Neutrons travel through lead with little attenuation, and them strongly interact with the explosive 
material, thus visualizing the contour of the tube as desired. 
 
 
Figure 3: Acquisition of the intensity attenuation profile. The upper left corner shows a slice of the sample 
divided in small cubes  irradiated by a collimated neutron beam (Fonte). The detector (Detetor) measures the 
attenuation of the beam. 
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Figure 4: For x-rays, the attenuation of the radiation increases with atomic number. For neutrons 
no such dependence exists.Interaction cross section is particularly high for hydrogen, boron, and 
gadolineum. 
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 The structural integrity of a Nuclear Power Plant 
 
 
It is important to study the effects of stresses to which the various parts of a nuclear power plants are exposed.  
To quantities are of importance in this study: 
 
Stress: unit force per area within a body that balances and reacts to the loads applied to it. 
Strain: the deformation of a body caused by the action of stress. 
 
Many materials have the property that they exhibit a linear relation between stress and strain when a certain level 
of loads applied to them is reached. When a certain level of loads is passed, the behaviour becomes non-linear. 
This has the important and often undesired result that the response of these structures changes with time. A 
nuclear facility built thirty years ago might behave differently nowadays from what could be expected from the 
original design.  
 
 
As long as the forces applied to the body remain small, the stress will be small as well and a linear relation 
between stress and strain is observed, named shakedown. If however, while increasing the stress, a certain point 
is passed, the property of linearity vanishes and the body responds to a small increment of stress with a 
extraordinary large extension of its length. Phenomena characterized by such an extension are plastic 
deformation and low cycle fatigue, which include the deterioration of the cristalline structure in the material. 
This change in internal structure leads, in this case, to the important effect of permanent extention of the body 
that will never attain its original shape. Therefore, these deformations should be avoided at all cost.  
 
A similar phenonenon named Low Cycle Fatigue includes a permanent change of the shape of the body as a 
result of frequent changes in the level of stress applied to it. 
 
Until recently, stress studies on nuclear facilities were were based on formulae that did not take into account all 
structures. At IEN, progress is made in improving the techniques using the Finite Element Method (FEM) to 
study the distribution of stress and strain in particular structures. FEM is based on a division into small elements 
of the surface or volume under consideration for the purpose of solving a differential equation. Given the 
differential equation and the properties of the paterial, a computer programme can calculate the desired 
quantities within each of the elements separately. After combining the results of a tremendous number of 
numerical results, the distribution of the quantity over the entire surface (or volume) can be visulized. As this 
involves much calculating work, a fast computer is needed (or sometimes even clusters of computers). The 
programming language Fortran is used to write the code. 
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Project Proposals 
 
This part of the document presents four projects that were offered to the student at the end of the introductory 
period at Instituto de Engenharia Nuclear. The student has chosen project 2 on core neutron flux calculation by 
using the finite element method. His work is covered in another document. 
 
 
 
Project 1- Nuclear Reactor Kinetics 
Coordinator: Dr. R.S. dos Santos 
 
Introduction 
  
In reactor core physics area, an important issue is transient calculations for accident analysis. For power reactors, 
the mean goal is to control the temperature in the core in such way to maintain the entirety of structural 
materials, be in the fuel rod or at the coolant. The start point for that is to know the neutron population because 
fissions are the heat source. We can divide the transients in slowing, media and fast. Usually slowing transients 
can be treated without considering neutron population variations. In case of fast one, we have to account for the 
neutronic in the core. A complete knowledge of the behavior the reactor during transients demands to solve a set 
of equation that joins prompt and delayed neutrons and thermal hydraulics. Usually those equations are space-
time dependents. However, because the solutions are very laborious, approximations are used in some cases. 
Point kinetic model is one that considers only variation in amplitude of the neutron populations, in the time. 
SETER has developed competency in this subject with the implementation of code SIRER, using point kinetic 
model. That approach uses thermal hydraulic model based on average channel of a nuclear reactor. Numerical 
methods are implemented in the model to solve the mathematic equations. The feedback effect model in SIRER, 
in some applications such ADS (Accelerator Driven Systems), requires some analysis in the time discretization 
model. On the other hand, space time dependent problem needs to consider the core configuration. For PWR 
configuration, some drawbacks in the cylidrization model need to be verified. A simple model of cell calculation 
needs to be implemented for using in multigroup constant calculations, during transients. 
 
I think I could offer three tasks to Martijn:  
 
1) SIRER code solves, numerically, the point kinetic equation and the thermal hydraulic for an average channel 
in a nuclear reactor, aiming to obtain temperatures during transients. Martijn could run the code to analyse the 
numerical model for the feedback effects built in the code. The motivation in this task is to realize the transient 
effects in Nuclear Reactor. The task could take one mouth.  
 
2) Another task could be to analyse a program used to implement the PWR core cylindrization to weight the 
properties for use in Diffusion Multigroup Equations, be in steady state or transients - PMESH program. This 
task consists in verifying the logical used in force brute to generate cylindrical meshes. I think that this task 
could take non more than three weeks. The motivation of this task is because this approach is not usual in PWR 
core calculations.  
 
3) I am needing to implement a ROUTINE for cell calculations. The cell is representative of reactor cores like 
PWR, that is, square arrangement and fuel rod with cladding. There is a region filled with gas between pallet and 
cladding. Using the expressions from literature we could calculate macroscopic cross sections for each mean and 
then we could mixture the means to obtain the cell macroscopic constant, apart from the elements that constitute 
the cell. The results could be compared with results from HAMMER code, for example. This task maybe takes 
five weeks. The ROUTINE will be used in a code for transient analysis in PWR.  
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Project 2- Core neutron flux calculation. 
Coordinator: Reinaldo Jacques Jospin 
Objective: Core neutron flux and criticality calculations using the 2D and 3D Neutron Diffusion Equation 
discretized by Finite Element Methods and refined by the adaptive remeshing method based on 
the flux derivatives errors. 
 
 
Introduction: 
 
Presently, a Finite Element program named MEF is used at Instituto de Engenharia Nuclear to solve the neutron 
diffusion equations in 2 dimensions for various reactor core geometries and two energy groups. This program 
employs an adaptive remeshing method to refine meshes based on flux derivative errors. The objective of this 
method is to render the error with the highest achievable degree of homogeneity. Up till now, the adaptive 
remeshing has been applied only to cores with a maximum of two distinct regions. 
 
 
The proposed work is to: 
 
1. Extend the MEF program to solve 3D-diffusion neutron equations using a 4 node tetrahedral finite element. 
The student will follow the following steps: 
 
• run GID program, an external graphical pre and post processor, to know how to create data to the MEF 
program and then run MEF program to obtain some results such as neutron flux and the criticality. 
• understand the way MEF block DIFU works to solve the 2D-Diffusion Neutron Equation using 
triangular finite elements (subroutine elem16) 
• calculate the power of the reactor. 
• implement the 3D-Diffusion Neutron Equation solution in block DIFU using the tetrahedral finite 
element based on the heat transfer tetrahedral element (subroutine elem13) 
• Run some reactor core cases using the numerical approach and compare the criticality and flux 
distribution obtained with the ones given in the literature. 
 
2. Extend the MEF program to solve the 2D and 3D-Diffusion Neutron Equation using four or more groups of 
energy. The student will follow the following steps:  
 
• learn how to homogenize the reactor and how to use de HAMMER code to obtain the neutron cross 
sections used as data in the MEF program 
• define theoretically the 2D and 3D Diffusion Neutron Equation for four groups 
• define a strategy to solve Diffusion Equation using the Finite Element Method 
• modify the MEF block DIFU to implement this strategy. 
• Run some reactor core cases to check numerical solutions 
 
3. Implementation of the Conjugated Gradient to solve the above problem to decrease the calculation time. The 
student will follow the following steps:  
 
• Instead of using the system equation solution, define a potential from which the same solution of the 
system equation can be obtained by minimizing this function. To this purpose the block GRAD must be 
used. This strategy permits to avoid the matrix assemblage and a huge system equation solution. 
• Run some characteristic examples to compare the time spent using the gauss triangularization and the 
conjugated gradient. 
 
4. give ideas on how to implement adaptive remeshing to deal with more than two reactor core regions  
 
5. give, in general lines, ideas on how to implement the reactor kinetics using finite element approach 
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Project 3- Cyclotron particle trajectories. 
Coordinators: Reinaldo Jacques Jospin 
Carlos Alexandre Fructuoso Jorge 
José Antonio Dias Furlanetto 
Objective: Optimization of the particle beam in the cyclotron CV-28 
 
 
Introduction 
 
The old cyclotron CV-28 have some problems to optimize his beam particle trajectory that is manually 
controlled. A numerical approach was initiated in the Mef-Emag program to simulate 2D and 3D particle 
trajectories inside a medium subjected to electromagnetic fields. The next steps that are necessary to reach the 
objective are enumerated below: 
 
Proposed work: 
• The method used to obtain the coordinates of the beam particles traveling in 2D and 3D electric field, 
considering the particle intersection with the finite element border, is unstable. Try to find a way to 
render it stable (difficulty level: ++).  
• Develop the method to obtain the coordinates of the beam particles traveling in 2D and 3D magnetic 
field, considering the particle intersection with the finite element border, (difficulty level: ++).  
• Present a different way to formulate the beam particle trajectory (for example by using different kind of 
elements and a regular division of the domain where you want to calculate the trajectory) (difficulty 
level: +++).  
• Present a formulation for the beam particles trajectory with interaction between them (difficulty level: 
++++).  
• Implementation of the Triangle external software (generate triangular meshes and refines them) in the 
Mef program (difficulty level: +++).  
• Find a way to calculate errors (like in the circulation) in the finite element meshes taking into account 
the possibilities of field discontinuities between elements to be used in an adaptive remeshing 
(difficulty level: +++).  
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Project 4- Gamma spectroscopy. 
Coordinator: Dr. L.F. Bellido 
Objective: Absolute peak efficiency calculation for different gamma counting geometries. 
 
 
Introduction 
 
For absolute activity determination in gamma-ray spectrometry it is necessary to perform an efficiency 
calibration with radioactive standard sources. Commercially point sources are available but normally different  
shapes and composition are needed, and sometimes it is a hard job to prepare or even not feasible. Another way 
to overcome this is by calculation. In the literature several methods such as Monte Carlo simulation technique, 
semi-empirical and direct mathematical expressions for any axially symmetric arrangement of source and 
detector have been proposed [1-5]. 
 
 
Proposed work 
 
To apply or develop mathematical methods for efficiency calculation for our SAIC 0750-18 CP-100 radioiodine 
charcoal sampler and for a circular disk source to use either in a NaI(Tl) or HPGe detector. 
 
 
References 
1- Mahmoud I. Abbas, 2001 A direct mathematical method to calculate the efficiencies of a parallelepiped 
detector for an arbitrarily positioned point source. Radiation Physics and Chemistry 60, 3-9. 
2- Mahmoud I. Abbas, 2001, Analytical formulae for well-type NaI (Tl) and HPGe detectors efficiency 
computation. Applied Radiation and Isotopes 55, 245–252. 
3- Moens, et al.,1981,  Calculation of the absolute peak efficiency of gamma-ray detectors for different counting 
geometries. Nucl. Instr. Meth. 187, 451-472. 
4- Grosswendt, B., Waibel, E., 1976. Monte Carlo calculation of the intrinsic gamma-ray efficiencies of 
cylindrical NaI(Tl) detectors. Nucl. Instr. Meth. 133, 25-28. 
5- Hubbell, J.H., Bach, R.L., Herbold, R.J., 1961. Radiation field from a circular disk source. J. Res. Natl. Bur. 
Stand. C65, 249-264.  
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Appendix 
Scheduling of the Internship in the timespan March 7 – July 7, 2006 
 
 
Student: Matijn W. Hendrikx 
University: University of Twente 
 
 
Period Action Responsible: 
Mars 7th to 28th  IEN visit according to the schedule 
below 
Dr. Reinaldo Jacques Jospin 
Mars 29th to April 4th Planning the work to be developed in 
the project 
April 5th to June 20th Development of the work plan 
June 21 to July 7th  Writing and Presentation of the 
project at IEN 
IEN Coordinator: 
Reinaldo Jacques Jospin 
 
 
Instituto de Engenharia Nuclear visit scheduling: 
 
 
Week-day Hour Subject: Prof.  
Friday-10 (Mars) 10:00 Water loop circulation and 
Circulation by Natural 
Convection. 
Prof. David Adjuto 
Botelho and Eng. José 
Luiz Horacio Faccini 
Confirmed 
 14:00 Introduction to Applied 
Artificial Inteligence. 
Prof. Cláudio Márcio 
do Nascimento Abreu 
Pereira 
Confirmed 
Monday-13 (Mars)  Paper reading 
Report Activities 
GID learning and practicing 
 Confirmed 
 14:00 Introduction to 
Computational Fluid 
Dynamics. 
Prof. Paulo Augusto 
Berquó de Sampaio 
Confirmed 
Tuesday-14 (Mars) 09:00 Introduction to Reactor 
Kinetics. 
Dr. Rubens Souza dos 
Santos 
Confirmed 
 13:30 System Simulation of a 
Nuclear Power Plant. 
Prof. Maria de 
Lourdes Moreira and 
Dr. Mauro Vitor 
Confirmed 
Wednesday-15 
(Mars) 
Full time Gamma Spectrometry Dr. Luis F. Bellido Confirmed 
 Full-time Gamma Spectrometry Dr. Luis F. Bellido Confirmed 
Thurday-16 (Mars) 09:00 Gamma Spectrometry Dr. Luis F. Bellido Confirmed 
  Paper reading 
Report Activities 
 Confirmed 
Friday-17 (Mars) Full-time Paper reading 
Report Activities 
 Confirmed 
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Week-day Hour Subject: Prof.  
Monday-20 (Mars)  Paper reading 
Report Activities 
Finite Element Method 
Introduction 
 Confirmed 
 14:00 Membrane Laboratory Prof. Celina Candida 
Ribeiro Barbosa 
Confirmed 
Tuesday-21 (Mars) 09:00 Visit to the Ultra-sound 
Laboratory. 
Prof. Marcelo de 
Siqueira Queiroz 
Bittencourt and Dr. 
Carlos Alfredo Lamy 
Confirmed 
 14:00 Visit to the Nuclear 
Techniques Laboratory. 
Dr. Luis Eduardo 
Barreira Brandão 
Confirmed 
Wednesday-22 
(Mars) 
 
 
 
 
14:00 
Paper reading 
Report Activities 
Finite Element Method  
 
Introduction Radioisotope 
Production Laboratories, 
Accelerators and Production 
Quality Control 
 
 
 
 
Prof. Gonçalo 
Rodrigues dos Santos 
Confirmed 
Thurday-23 (Mars) Full time Paper reading 
Report Activities 
Finite Element Method 
Introduction 
 Confirmed 
Friday-24 (Mars) 09:00 
 
 
 
Introduction to Structural 
Analysis in Nuclear Reactors 
 
Paper reading 
Report Activities 
Finite Element Method 
Introduction 
Prof. Reinaldo Jacques 
Jospin and Eng. 
Domingos Eugênio de 
Sá Nery 
Confirmed 
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Week-day Hour Subject: Prof.  
Monday-27 (Mars) 09:00 
 
 
 
14:00 
Project characteristics of 
Argonauta reactor and 
operation procedures. 
 
 
Presentation of neutron 
radiography activities of 
Nuclear Laboratory 
Eng. Carlos Alberto 
Cury Renke and Eng. 
João Alberto 
Magalhães Gadelha 
 
Dr. Maria Ines Silvani 
Souza 
Confirmed 
Tuesday-28 (Mars) Full time activities of irradiation 
and procedures 
Eng. Carlos Alberto 
Cury Renke and Eng. 
João Alberto 
Magalhães Gadelha 
Confirmed 
Wednesday-29 
(Mars) 
Full-time Report activities finalization 
and project choose to 
concentrate all future 
activities 
  
 
 
External visit scheduling: 
 
 
 Full time Visit to Angra II Nuclear Power 
Plant – Angra/R.J. 
  
  Visit to INB-Rezende/R.J.   
  Visit to IPEN - São Paulo/S.P.   
 
